The pseudogap state between T c and the temperature T*, below which the gap in the DOS occurs, has been the subject of a wide range of theoretical proposals-from those focused on superconducting pairing correlations without phase coherence 14,15 to those based on some form of competing electronic order or proximity to the Mott state [6] [7] [8] [9] . Some
experiments have shown evidence of pairing correlations above bulk T c (refs 10-13), while other experiments have associated the pseudogap with phenomena other than pairing, such as real space electronic organization, which is prominent at low dopings [16] [17] [18] . Various tunnelling experiments [19] [20] [21] have examined the relationship between the pseudogap and pair formation; however, the spatial variation of DOS and gaps on the nanoscale [3] [4] [5] complicates their interpretation and has prevented researchers from reaching a consistent conclusion. To obtain precise answers to these questions, it is necessary to perform systematic atomicresolution scanning tunnelling microscopy (STM) measurements as a function of both doping and temperature.
We have measured the temperature evolution of the DOS of the high-T c superconductor Bi 2 Sr 2 CaCu 2 O 8+ using a specially designed variable temperature ultrahighvacuum STM. Our instrument allows us to track specific areas of the sample on the atomic scale as a function of temperature. To develop a systematic approach for the analysis of the data at different dopings and temperatures, we first consider the measurements on the most overdoped sample, with x = 0.22. At this doping, pseudogap effects have been reported to be either weak or absent 2, 6 , allowing us to interpret gaps in the DOS as those associated with superconductivity. Figure 1 shows spectroscopy measurements for an overdoped sample with T c = 65 K (OV65) performed at a specific atomic site over a range of temperatures close to T c . From such spectra, we determine two important quantities. First, we measure the maximum value of the local gap   24 meV. Second, we estimate the temperature T p  72-80 K at which  is no longer measurable, using the criterion that at this temperature dI/dV (V = 0)  dI/dV (for all V > 0). Above T p the spectra shows a biasasymmetric background in the DOS that changes little with increasing temperatureindicating that the pairing gap is either absent or no longer relevant at this atomic site. On the basis of this procedure, we find that the data in Fig. 1a can be described by the relation 2/k B T p  7.7, where k B is Boltzmann's constant and T p is the gap closing temperature.
While this measurement at a single atomic site is not statistically significant, it establishes the procedure that we extend to large sets of similar measurements.
The evolution of the pairing gap with temperature can be examined statistically using spectroscopic mapping measurements over large areas (~300 Å) of the sample as a function of temperature. Such experiments allow direct visualization on the atomic scale of the development of gaps. In the superconducting state (T < T c ), the overdoped OV65 sample shows (Fig. 2a) A great deal of information about the nucleation of pairing on the atomic scale can be extracted from data in Fig. 2a-d . Here, we focus on extracting the relation between a given local  measured at T < T c and the temperature T p at which it collapses. From the gap maps in Fig. 2a-d , we can extract the percentage of the sample that is gapped at a given temperature (points in Fig. 2f ). To compare, we use the histogram of  values measured at the lowest temperature to compute the probability P(<) that the gaps are less than a given  (solid line). A linear relationship between local  and T p would require that the x axis of these two measurements be related by a simple ratio. The best-fit ratio extracted in Fig. 2f is 2/k B T p = 7.8  0.3. This relation shows that despite the strong variation of the superconducting gaps on the nanoscale in the overdoped sample, they all collapse following the same local criterion.
Having established the relation between local  and T p for the pairing gaps in the OV65 sample, we can study the temperature evolution of gaps in the DOS measured on samples with different dopings. In Fig. 3a-d , we show such measurements on an optimally doped sample OP93. Similar to overdoped samples, the low-temperature (T < T c ) spectra
for the optimally doped sample are consistent with that of a d-wave pairing gap (see Supplementary Information). In contrast to the overdoped sample, which develops ungapped regions rapidly while crossing T c , the optimal doped sample is still entirely gapped 10 K above its T c . The loss of phase coherence at T c only affects the sharpness of the peaks in the spectra at V = , while the gap in the superconducting state smoothly evolves into that measured above T c (see Fig. 3a ) 19 . High-resolution gap maps measured at different temperatures ( Fig. 3b-d) show that the distributions of gaps just above and below T c are essentially the same except for some broadening (see Supplementary Information) . A further increase in the temperature results in an inhomogeneous collapse of gaps. The spatial collapse of the gaps is comparable to that observed in the OV65 sample (Fig. 2) , except that the temperature range for T p values over which gaps collapse is much larger for the OP93 sample (105-160 K) than for the OV65 sample (64-80 K).
We can use the comparison between P(<) measured at the lowest temperature with the percentage of the ungapped regions measured as a function of temperature to test our local pairing hypothesis for samples at various dopings. The measurements of these two quantities are displayed in Fig. 3e and f, where a single temperature-gap scaling relation 2/k B T = 8.0 has been used to plot data on all samples in this study. From Fig. 3e it is clear that overdoped and optimally doped samples have identical gap-temperature scaling ratios, which, together with the consistency of their low-temperature spectra with a d-wave superconducting gap, implies that we can interpret these gaps as those due to pairing. These results clearly show that pairing gaps and the temperature at which they collapse (which can be equal to or larger than T c ) follow a universal local criterion over a wide range of doping. The extracted ratio also shows that the local pairing gap is far more fragile to increases in temperature than are the conventional Bardeen-Cooper-Schrieffer (BCS)
superconductors, for which the ratio is in the range of 3.5-5. Surprisingly, the ratio is insensitive to the size of the gap, for gaps ranging from ~15 to 50 mV, indicating that even the smallest gaps are very far from the BCS limit.
Our local pairing hypothesis, however, appears to fail in the underdoped regime ( Fig. 3f ). Although such a pairing hypothesis has its shortcomings, such as ignoring the possibility of a proximity effect, we show that the deviation from this picture in underdoped samples is most probably due to the complication of two energy scales in this doping regime. Fig. 4a shows representative spectra measured at temperatures far above T c that allow us to compare the behaviour of overdoped, optimal and underdoped samples. Once the pairing gaps collapse at high temperatures, the overdoped and optimally doped samples show remarkably similar electron-hole asymmetric spectra. In contrast, the underdoped UD73 sample shows very different, V-shaped spectra with an ill-defined gap, which is insensitive to increasing temperature. Clearly, such V-shaped spectra are related to the strong pseudogap behaviour in underdoped copper oxides 17, 18 ; however, these spectra and their pseudogap behaviour are qualitatively different from the pseudogaps observed on optimal and overdoped samples above T c . Such a difference is also seen in ARPES (AngleResolved Photoelectron Spectroscopy) measurements where the gap closes in overdoped samples but 'fills in' for underdoped samples 23 . A key question is whether all gaps in the underdoped regime as measured by STM can be ascribed to pairing. We find that for T << T c , more than 30% of the spectra on the underdoped sample show 'kinks' in the spectra at low bias, indicating the importance of a lower energy scale, as shown in 
D-wave fits to the low temperature gap
At temperatures well below the superconducting transition temperature T c , we see a single gap in the spectrum in optimally doped and overdoped samples, accompanied by a bias-asymmetric background (Fig. 1a) . The spectral line shape within the gap can be fit with the d-wave pairing DOS averaged equally around all angles. This d-wave density of states is (1) where Γ is an energy independent lifetime broadening 30 . At low temperatures we set Γ=0 30 . The differential conductance can be fit by the form (2) Here is the d-wave superconductor DOS and is the Fermi distribution. The scale parameter a is adjusted to match the measured conductance. We fit the normal state background with a line within the gap using the parameter b. From the shape of the normal state (Fig. 1a,c) , we find that such an assumption for the background works well for gaps <60 mV. Sample fits to this DOS shape are shown for the overdoped (T c = 65K) sample (Fig. S1a) and for the optimally doped sample (Fig. S1b) for gaps of different sizes. In general, all gaps smaller than 60 mV can be fit well with this procedure within the gap region. Beyond the gap region, effects such as strong coupling to bosonic modes 31 cause deviations from the d-wave fits. The extracted gap value is 5-10% smaller than the position of the conductance peak. Given that the peak position does not vary much with temperature, we expect this agreement between the fit value and the peak position to only improve at lower temperature. Importantly, such fits show that the low temperature spectra can be described by a simple d-wave pairing gap without any kdependent matrix elements. This result is different from tunnel junctions with a large overlap area, where a k-dependent matrix element is needed to achieve good fits to the data 30 . We have also checked that the extracted gap is independent of the height of the tip (for junction resistances > 1 GΩ), indicating that our tip is well approximated by a point probe.
Evolution of gap distributions across T c
As the temperature is raised through T c , spectra at individual locations evolve smoothly without any discontinuous changes at T c . In the most overdoped sample studied (OV65), a significant percentage of the sample (~ 20 %) loses its gap at the bulk transition temperature as shown in Fig. 2 . This however is no longer the case as we move towards optimal doping. For the overdoped sample with T c =83 K, a significant portion of the sample is gapped only at 95 K. At optimal doping, the entire sample remains gapped as we go through T c . The distribution of gaps at 100 K (T c = 93 K) is comparable to the distribution of gaps seen at 80 K, as shown in Fig. S2 . The difference seen in the two histograms implies that the spectral peak position might shift on raising the temperature. We believe that such a shift can be accounted for by thermal broadening via two mechanisms. Firstly, the Fermi distribution becomes broader with increasing temperature due to which the conductance peak moves to higher voltage 32 . Secondly, the quasiparticle lifetime broadening is known to increase as T goes through T c 33 . Both these effects can be modeled using the d-wave DOS in eqn. (1) . We find that a 40 mV gap (typical of optimally doped samples) at T=0 has a peak position that increases with temperature. The shift due to the Fermi distribution is ~ 3mV between 80 K and 100 K. This, together with the addition of a modest lifetime broadening (5-10 meV) can explain the shift in the peak position between 80 K and 100 K. The difference in the sharpness of histograms between 40 K and 80 K is comparable 
